This paper studies the dynamic plastic flow behaviour, fracture characteristics, and microstructural evolution of Inconel 690 alloy under impact loading conditions. Compressive impact tests are performed using the compressive split-Hopkinson bar at strain rates ranging from 2:3 Â 10 3 to 8:3 Â 10 3 s À1 at room temperature. The effects of strain rate on the dynamic flow response, work hardening characteristics, strain rate sensitivity, and thermal activation volume are evaluated. A constitutive law based on the Zerilli-Armstrong model is proposed to describe the impact flow behaviour. The relationships between flow stress, dislocation, and twinning are analyzed and discussed in relation to the loading conditions. The evolutions of the dislocation and twinning substructures are investigated using transmission electron microscopy. Damage initiation and the fracture mechanisms are evaluated by scanning electron microscopy. The flow stress-strain response is shown to be significantly dependent on the strain rate, which not only causes obvious changes of the work hardening rate, strain rate sensitivity, and activation volume, but also influences the dislocation tangling and deformation twin substructures. The results indicate that the catastrophic failure at high strain rates results from the formation of localized shear bands. Finally, it is shown that the proposed constitutive law provides accurate predictions of the stress-strain relationship.
Introduction
Inconel alloy 690, a high-chromium nickel alloy, has good formability, high strength and excellent corrosion resistance. As such, it finds extensive use in applications such as combustion systems, turbines, and nuclear reactors. In such applications, components are typically required to be tolerant of high stress impact loading, which may cause material degradation and lead to catastrophic failure during service operation. In order to design optimal Inconel 690 structural components, particularly when they are to be applied in critical systems, or are intended for use under arduous operating conditions, developing a thorough understanding of the material's impact properties and fracture characteristics as a function of strain rate is essential.
It has been reported that strain rate plays an important role in the impact flow behaviour of various materials. Further, it has been found that the strain rate sensitivity increases steeply above a critical strain rate of approximately 10 3 s À1 . [1] [2] [3] In most cases, and particularly in FCC metals, the flow stress increases gradually with strain rate below the critical strain rate, but increases dramatically with the strain rate once the critical strain rate has been surpassed. Regazzoni et al. 4) proposed that this transition is prompted by the change in the dominant dislocation motion ratecontrolling mechanism from the cutting of point obstacles (thermal activation) to viscous phonon drag. However, Zerilli and Armstrong 5) suggested that this behaviour can be more accurately interpreted as a result of enhanced rates of dislocation generation and twin formation.
The flow stress-strain response reflects the existence of different microstructural states during deformation. Two well-known deformation mechanisms, i.e. dislocation slip and twinning, dominate plastic flow when materials are subjected to impact loading. The onset of twinning, however, requires the application of a greater stress than dislocation slip. At high strain rates, dislocation multiplication occurs more rapidly and provides a strengthening effect.
6,7) Dislocation multiplication and twinning both enhance the flow strength of metals. 8, 9) Various investigators have attempted to characterize Inconel 690 in terms of its elevated temperature hardening mechanisms, 10) fatigue crack growth rate, 11) machinability, 12) corrosion properties, 13) and tensile properties. 14) However, little research has been reported regarding this alloy's impact behaviour and fracture response. Consequently, the present study adopts the split-Hopkinson bar technique to evaluate the effects of strain rate on its impact flow, fracture response, and microstructure. Additionally, the interrelationships between the flow properties and microstructures of Inconel 690 are established, and the variations of fracture surface features induced by different impact loading rates are presented and analyzed.
Experimental Procedure
Inconel 690 with a nominal composition of 29.33% Cr, 10.01% Fe, 0.29% Ti, 0.19% Al, 0.10% Cu, 0.03% Co, 0.02% Mo, 0.02% W, 0.01% C (in mass %), and a balance of Ni was supplied by Inco Alloys, Inc. (USA) in the form of solution-annealed plate. Cylindrical specimens of height and diameter 5 mm were machined with an electrodischarge machine (EDM). All specimen surfaces were then mechanically polished with emery paper to #1500 and subsequently buff-polished with Al 2 O 3 powder (0.3 mm particle size) to assure a close contact during impact deformation testing. Both ends of the specimen were lubricated with molybdenum disulfide grease to minimize friction effects.
Low strain rate compression tests were carried out using a tensile testing machine at strain rates of 10 À3 , 10 À2 and 10 À1 s À1 . Compression impact tests were performed on a compressive split-Hopkinson pressure bar apparatus 15) at strain rates ranging from 2:3 Â 10 2 to 8:3 Â 10 3 s À1 . During compressive impact testing, the cylindrical specimens were located between two high-strength tool steel bars, i.e. the incident bar and the transmitter bar, through which a compression wave was passed. Due to variations of mechanical impedance as the wave passes through the specimen, the incident wave (" i ) is partially reflected (" r ) and partially transmitted (" t ). From one-dimensional elastic-wave propagation theory, it can be shown that the compression strain ("), strain rate ( _ " "), and stress (') in the specimen are given by:
where C 0 is the longitudinal-wave velocity in the splitHopkinson bar, L is the effective gage length of the specimen, E is the Young's modulus of the split bar, and A and A s are the cross-sectional areas of the split bar and specimen, respectively. Following testing, transmission electron microscope (TEM) specimens were sliced perpendicularly to the compression axis and ground to a thickness of 0.2 mm using emery paper with grade from #800 to #1500. Subsequently, discs of 3 mm diameter were extracted from these ground slices using an EDM process. The discs were electrolytically polished at 20 V D.C. in a twin-jet polishing machine using a solution of 10% perchloric acid and 90% methanol at À20 C. The thin foils were then examined under a scanning transmission electron microscope (STEM) operated at 300 kV. In accordance with the method outlined by Ham, 16) the dislocation density was determined as & ¼ 2n=Lt, where n is the number of intersections between a dislocation and a random set of lines of length L, and t is the foil thickness. Meanwhile, the twin density was defined as the average number of twins per unit area within the visible region of the thin foil specimen. Finally, the fracture appearances were observed under a scanning electron microscope (SEM) operated at 15 kV. Figure 1 (a) plots the true stress-strain response of the compressive flow for Inconel 690 at room temperature as a function of strain rate. Although the strain rate sensitivity at low strain rates (between 10 À3 and 10 À1 s À1 ) is quite small, in the impact region, the flow stress is seen to be more sensitive to the strain rate. Specifically, the flow stress increases by 50% as the strain rate increases from 2:3 Â 10 3 to 8:3 Â 10 3 s À1 . This enhancement of flow stress with strain rate indicates that Inconel 690 is suitable for high velocity impact applications. Different strain rates result not only in differences in the flow stress, but also in the fracture strain. As shown in Fig. 1(a) , fracturing does not occur at strain rates below 3:8 Â 10 3 s À1 . However, at strain rates exceeding 5:1 Â 10 3 s À1 , the alloy fails in a catastrophic manner and the fracture strain is seen to decrease gradually with increasing strain rate. The observed stress-strain response in Fig. 1 (a) can be described by a power law of the form:
Results and Discussion

Flow stress-strain response
n where A represents a constant (commonly equal to the yield strength), B is the material constant, and n is the work hardening coefficient. Table 1 presents the variations of A, B and n with strain rate, and also indicates the corresponding fracture strain and fracture stress data. Although the yield stress and the fracture stress both increase with strain rate, the material constant, B, and the work hardening coefficient, n, show no significant variation.
As implied by the tendencies of the stress-strain curves in Fig. 1(a) , the work hardening rate is significantly affected by the strain rate in the range 2:3 Â 10 3 to 8:3 Â 10 3 s À1 . Fig ¼ ðd'=d"Þ, as a function of true strain for each strain rate. It is clear that at each strain rate, the work hardening decreases with increasing strain. An important feature of Fig. 1(b) is the significantly enhanced work hardening of the material under impact conditions. Comparing the effects of strain rate on the work hardening rate for a fixed strain in the impact regime, it is found that at small strains (0 to 0.1), the work hardening rate increases only slightly with increasing strain rate. However, at strains exceeding 0.1, dynamic softening has an increasing effect on the work hardening rate. Lower work hardening rates correspond to higher strain rate loading conditions, indicating that high-speed deformation generates thermal softening. This factor plays a key role in determining the deformation behaviour and work hardening rate.
Strain rate dependence and activation volume
The dependence of flow stress on strain rate can be illustrated by plotting the flow stress values, at specific strain, as a function of the logarithmic strain rate. Figure 2(a) shows the variation of true stress with strain rate for fixed strains of 0.1, 0.3, 0.5, and 0.7. Note that for comparison purposes, the low strain rate loading data (10 À3 to 10 À1 s À1 ) are also plotted. As expected, two distinct regions of strain rate sensitivity can be identified. The transition between these regions takes place at a strain rate of 10 3 s À1 . It is noted that the flow stress increases gradually at strain rates below 10 3 s À1 , but that at higher strain rates, it increases dramatically. Furthermore, comparing the slope of the flow stress at different strains, it is found that the slope varies slightly with strain rate. The rapid increase of strain rate sensitivity at strain rates above 10 3 s À1 suggests that the domination of dislocation generation and twin formation in the deformation process brings about a change in the dislocation motion ratecontrolling mechanism. 5) This supposition is confirmed by the morphological observations of the dislocation and twin structures discussed below.
The strain rate sensitivity, as defined by the slope of the flow stress versus the strain rate, is calculated from the expression ! ¼ ð@'=@ ln _ " "Þ ";T using the data of Fig. 2(a) . The strain rate sensitivities for the two strain rate ranges, i.e. 10 Table 2 . It is observed that ! d is higher than ! s for a given true strain level. As the true strain increases, both ! d and ! s are seen to decrease. In order to correlate the dynamic strain rate sensitivity and the activation volume with different work hardening characteristics and to track the corresponding microstructural evolution during deformation, the strain rate sensitivity and activation volume are typically plotted against the work hardening stress (' À ' y ). On the assumption that the strain rate, _ " ", is controlled by a thermal activation process with a free energy of activation, G Ã , an Arrhenius-type law in the form of _ " " ¼ _ " " 0 exp½ÀÁG Ã =ðK b TÞ can be used to describe the deformation behaviour. The impact strain rate sensitivity, ! d , and activation volume, # Ã , can then be related by:
where ' Ã is the increment of the flow stress, i.e. (' 2 À ' 1 ), in which the flow stresses ' 2 and ' 1 are obtained from tests conducted at constant strain rates of _ " " 2 and _ " " 1 , respectively, and are calculated at the same value of strain and at the same temperature. K b is the Boltzmann constant.
Using this relation, the values of strain rate sensitivity and activation volume can be calculated and presented as a function of the work hardening stress, as shown in Fig. 2(b) . A linear relationship is observed between the dynamic strain rate sensitivity, ! d , and the work hardening stress. The enhancement of dynamic strain rate sensitivity with increasing work hardening stress can be attributed to the increased rate of dislocation multiplication and twin formation with increasing strain and strain rate during the deformation process. Meanwhile, the activation volume is seen to decrease rapidly as the work hardening stress increases. This implies that the ability of thermal activation to assist the movement of dislocations is restricted under conditions of increasing strain and strain rate. It should be noted that although the results of Fig. 2(b) and Table 2 are calculated from the formulation ! ¼ ð@'=@ ln _ " "Þ ";T , Fig. 2(b) is based on the data of Fig. 1(a) for strain rates ranging from 2:3 Â 10 3 to 8:3 Â 10 3 s À1 and true strains ranging from 0.05 to 0.7 continuously, whereas Table 2 is based on Fig. 2(a) for strain rates ranging from 10 3 to 8 Â 10 3 s À1 and true strains of 0.1, 0.3, 0.5 and 0.7. In addition, according to Fig. 1(a) , the strain rate sensitivity, ! d , is calculated by first selecting a true strain in the range of 0.05 to 0.7 under strain rates ranging from 2:3 Â 10 3 to 8:3 Â 10 3 s À1 through the formulation of ! d ¼ ð@'=@ ln _ " "Þ ";T , then identifying the corresponding work hardening stress under the same strain and strain rate range. This process is repeated iteratively with different values of true strain from 0.05 to 0.7. By plotting the calculated strain rate sensitivity, ! d , with the corresponding work hardening stress for each true strain, the relationship between the strain rate sensitivity and the work hardening stress is obtained.
Deformation constitutive equation
Since the flow stress of most materials is strongly affected by the deformation parameters of strain, strain rate and temperature, numerous approaches have been proposed for developing constitutive relationships to describe stress-strain behaviours under high strain rate loading. The present study adopts the Zerilli-Armstrong model 17) to evaluate the impact response of Inconel 690. This model is a physically-based relationship derived from dislocation mechanisms and is expressed in the form:
where:
Furthermore, ' is the von Mises equivalent stress, " is the von Mises equivalent strain, _ " " is the strain rate, T is the absolute temperature, ' is the average grain diameter, and ' G reflects the effect of the solutes and the initial dislocation density. The quantities B, 0 , 1 , B 0 , 0 , 1 , k and ' G are considered constant. In accordance with the parameter-determination procedure proposed by Zerilli et al., 17) and using the data of Fig. 1(a) , the coefficients and exponents of the constitutive equation at room temperature for Inconel 690 are found to be: Figure 3 compares the true stress-strain curves predicted by the Zerilli-Armstrong model using the above constants with those obtained experimentally. It can be seen that good agreement exists between the two sets of results.
Fracture behaviour and fractographic observation
A SEM technique was utilized to examine the fracture process and mode as a function of the strain rate. In the tested strain rate range, Inconel 690 fracture occurs only at strain rates exceeding 5 Â 10 3 s À1 and is dominated by localized shearing along a plane inclined at an angle of approximately 45 with respect to the impact axis. It is known that during compression, planes of maximum shear stress are orientated at 45 to the axis of compression and that plastic deformation occurs along these planes. Under impact loading, shear instabilities develop and form a localized shear band during the final stage of deformation.
Examination of the fracture surfaces reveals that strain rate has a significant influence on the fracture characteristics. The fracture surfaces are characterized by dimple-like structures, which are indicative of a ductile fracture mode. Figures 4(a) and (b) present typical SEM micrographs of the specimens deformed at strain rates of 5 Â 10 3 s À1 and 8:3 Â 10 3 s À1 , respectively. In Fig. 4(a) , the fracture surface is characterized by a large number of shear dimples with diameters ranging from 0:5$4 mm. These dimples are elongated along one direction, which suggests the presence of shear-dominated stress prior to failure. In the increased strain rate case of 8:3 Â 10 3 s À1 , Fig. 4(b) shows that the fracture surface exhibits a more brittle behaviour. Both the depth and the density of the dimples decrease with increasing strain rate, indicating a reduction in ductility and fracture resistance. This result correlates well with the flow curves of Fig. 1(a) .
Dislocation and twin structure observations
The thin foils removed from the deformed specimens were observed by TEM to study the microstructural features associated with the various loading conditions. Figures 5(a) and (b) show the evolution of the dislocation substructure at strain rates of 2:3 Â 10 3 s À1 and 8:3 Â 10 3 s À1 , respectively. It is clear that the strain rate has a significant multiplication effect on the final dislocation configuration and that the dislocation density increases with increasing strain rate. . Furthermore, the cell walls are thicker and more well-defined since more dislocations exist in the walls. The large number of tangled dislocations increases the resistance to dislocation motion, and hence causes the flow stress to increase, as revealed by the true stress-strain curves of Fig. 1(a) .
The formation and arrangement of twins are also affected by the strain rate. It is thought that mechanical twins form when a highly tangled dislocation density restricts dislocation movement and causes various local areas to attain the level of critical stress required for twinning to take place. Figures 6(a) and (b) show the mechanical twins under two different strain rates. At the lower strain rate of 2:3 Â 10 3 s À1 , Fig. 6 (a) shows the presence of very few mechanical twins and reveals that the twin distribution is nonhomogeneous. The importance of continued twin nucleation and growth can be seen in the specimen deformed at 8:3 Â 10 3 s À1 (Fig. 6(b) ). Under this heavy deformation condition, the twin structure is more homogeneous and the twin density becomes more evident. These microstructural observations suggest that the applied strain rate plays a key role in enhancing dislocation multiplication and twinning. In order to understand the correlation between microstructural and macroscopic flow behaviours at different strain rates, Fig. 7 presents the dislocation density and twin density as a function of flow stress and strain rate. It is observed that both the dislocation density and the twin density increase as approximately linear functions of increasing strain rate and flow stress. A comparison of the slopes in Fig. 7 reveals that dislocation multiplication and twin formation have a strengthening effect on the flow resistance of Inconel 690.
Conclusions
This study has evaluated the response of Inconel 690 to compressive impact loading using the compression splitHopkinson bar technique. The high strain rate data obtained in this study, together with the quasi-static measurement data, reveal that the flow stress of Inconel 690 increases by approximately 75% over strain rates ranging from 10 3 to 8:3 Â 10 3 s À1 . A rapid increase of strain rate sensitivity has been identified at strain rates exceeding 10 3 s À1 . The work hardening behaviour is also affected by the strain rate. Under large deformations, the work hardening rate decreases with strain rate in the impact region, indicating that a thermal softening process is induced. The enhancement of work hardening stress leads to an increase of strain rate sensitivity and to a decrease of the activation volume. The dislocation and twin substructures have been observed at all strain rates. The results have shown that the dislocation and twin densities both increase at higher strain rates. The variations of dislocation and twin structures tend to support the conclusion that Inconel 690 is highly strain rate sensitive. The fracture process is dominated by localized shearing. The appearance of the dimple structures observed on the fracture surfaces is significantly influenced by impact loading. A more brittlelike behaviour is observed with a higher impact rate. Finally, good agreement has been noted between the flow behaviour predictions of the constitutive model and the experimental results. 
